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Abstract—In order to increase the efficiency and to improve
the reliability of modular multilevel converters in medium voltage
applications, this paper proposes an adaptive control method to
choose an optimal carrier frequency dynamically according to
power loading conditions of the modular multilevel converter.
By evaluating the impact of the carrier frequency on the output
current harmonic performance and the capacitor voltage ripple
analytically, the proposed adaptive control can reduce the power
loss and the thermal stress on the power semiconductors. Mean-
while, the electrical operation requirements can still be fulfilled.
One-year mission profile is utilized to assess the energy efficiency
and the reliability performance between the proposed and the
traditional control scheme. Moreover, theoretical analyses and
simulation results are presented to demonstrate the effectiveness
of the proposed control.
I. INTRODUCTION
Modular Multilevel Converters (MMCs) are promising can-
didates for medium-voltage applications, such as wind power
generation [1] and medium-voltage motor drives [2]. The
MMC can easily be extended to high voltage levels by in-
creasing the number of Sub-Modules (SMs). Correspondingly,
its current level, system power loss, and cost of energy under
the same power loading condition decreases.
However, due to the variable power loading, especially in
wind power generation applications, power semiconductors
in the MMCs are exposed to severe thermal stress that is
critical to its reliability performance. A series of studies have
been conducted to evaluate the thermal stress of the MMCs
under different operation conditions [3]–[7], and it can be
found that severe thermal imbalance exists among power
devices in the SMs. In order to balance the thermal loading
among devices and to improve the reliability of the MMC,
several approaches are proposed in the prior-art by optimizing
the power loss distribution and conducting active thermal
control. The impact of several available control freedoms in
the MMC, including the circulating current and dc voltage
offset on the power loss are evaluated, and simulation results
show their negligible contribution to the loss reduction. The
multi-objective optimization control proposed in [8] concludes
that the decrease of the capacitor voltage can reduce the
switching loss, and a similar idea is proposed and validated
experimentally in [9]. However, this method is valid for MMCs
with a low or medium number of SMs only. By combining
the temperature balancing with the capacitor voltage balancing
control, the thermal imbalance among SMs are relieved and
the lifetime is improved according to simulations [10] and
experiments [11]. However, the energy efficiency is not fully
analyzed, which is always a big concern for the active thermal
control. As a matter of fact, the conduction loss is mainly
dominated by the arm current and is independent of the
modulation techniques for the MMCs [12]. There is a little
room for the loss and thermal stress reduction regarding
the conduction loss. Thus, more attention should be paid
to the switching loss reduction. Minimizing the switching
frequency is a straightforward way to achieve this objective.
A flexible switching frequency control proposed in [13] can
reduce the junction temperature fluctuations by changing the
switching frequency in wind power converters. However, no
mathematical analysis is given to guide the selection of the
carrier frequency.
In this paper, a mission profile based adaptive carrier
frequency control is proposed for MMCs for medium voltage
applications. The impact of the carrier frequency on the oper-
ation of the MMC is evaluated analytically in order to fulfill
its operation requirements. Moreover, the energy efficiency
based on mission profile is calculated for comparison with
the traditional control method.
II. ADAPTIVE CARRIER FREQUENCY CONTROL FOR
MODULAR MULTILEVEL CONVERTERS
For MMCs utilized in medium voltage applications, the
number of SM per arm is not large and Phase-Shifted Carrier
(PSC) modulation is commonly used [14]. The basic concept
of the proposed adaptive carrier frequency control is to change
the carrier frequency of the PSC dynamically according to
the power loading over a wide range of the input power. In
practical applications for the MMC applied in the grid inte-
gration, the adaptive control is able to achieve a higher system
efficiency by exploring the minimum carrier frequency under
certain requirements. Meanwhile, the reliability of the whole
MMC system can be improved due to the improved thermal
stress of the power semiconductors. Thus, the key is how to
choose the carrier frequency in terms of the requirements for
the output current and the SM capacitor voltage ripple. In
the following, the impacts of the carrier frequency on the
output current harmonics and the capacitor voltage ripple are
analyzed respectively.
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Fig. 1. Typical three-phase MMC system. (icir is the circulating current,
Larm is the arm inductance, is is the output current, iarm is the arm current,
Udc is the DC bus voltage, idc is the DC current and Csm is the SM
capacitance.)
A. Impact of Carrier Frequency on Output Current Harmonic
According to the MMC model in [15], the output current
is driven by the output voltage of the MMC, which is the
difference between the lower arm voltage and the upper arm
voltage. Thus, in order to explore the impact of the carrier
frequency on the output current, the double Fourier series
analysis has to be applied to obtain all harmonic components
in the SM output voltage. By summing up all SM voltages,
the converter output voltage us can be obtained as

us =
1
2
(un − up) = H(us)f · cos (ω1t) +H(us)a,b
× cos
(
(Naωc + bω1) t+
Naθ + bπ − π
2
)
H(us)f =
mUdc
2
H(us)a,b =
2Udc
aπN
sin
[
(Na+ b)π
2
]
× Jb
(
mNaπ
2
)
cos
(
Naθ + bπ − π
2
)
(1)
where up/n is the upper and lower arm voltage; Jb is the Bessel
function of the first kind; ωc is the angular frequency of carrier;
θ is the angular displacement between the carriers of upper
and lower arms. N is the SM number per arm; H(us)f and
H(us)a,b are the amplitude of the fundamental and harmonic
component of output voltage.
If an ideal grid condition without harmonics is assumed,
the harmonics in the output current will only be driven by the
harmonics in the output voltage us. As for the fundamental
component of the output current, it is driven by the power
loading condition. Thus, the Total Harmonic Distortion (THD)
TABLE I
MAIN SYSTEM PARAMETERS FOR THE CASE STUDY.
Power rating P 15 MVA DC link voltage Udc 20 kV
SM number per arm N 8 Arm inductance Larm 4.1 mH
SM voltage Usm 2.5 kV SM capacitance Csm 3.0 mF
Modulation index m 0.9 Case temperature Tc 40 ◦C
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Fig. 2. Impact of the carrier frequency on the output current THD and the
capacitor voltage ripple. (a) Simulated and calculated output current THD
under two power loadings; (b) Simulated and calculated capacitor voltage
ripple under unity power loading.
of the output current is expressed as
THD (is) =
√
∞∑
a=1
∞∑
b=−∞
H (is)
2
a,b
H(is)f
H(is)f =
2P
3H(us)f cos (ϕ)
H(is)a,b =
H(us)a,b
(Naωc + bω1) (Larm/2)
(2)
where P is the power loading; H(is)f and H(is)a,b are the
amplitude of the fundamental and harmonic component of the
output current, and ϕ is the power factor angle; Larm is the
arm inductance in the MMC.
Fig. 2(a) shows the simulated and calculated output current
THD under two power loading conditions. It can be seen that
the calculated results agree well with the simulations in the
high carrier frequency range, and error increases in the low
carrier frequency range, especially between 150 Hz and 300
Hz. This is caused by the omission of the harmonics in the
arm reference and the capacitor voltage ripple.
B. Impact of Carrier Frequency on SM Voltage Ripple
The impact of the carrier frequency on the capacitor voltage
ripple needs to be evaluated, especially when the carrier
frequency is as low as several times the fundamental fre-
quency. The capacitor voltage can be obtained by conducting
integration of the capacitor current, which is defined by the
arm current and the switching sequence. To simplify the
analysis, harmonics in the circulating current and the output
current are ignored. Considering the negligible impact of the
angular displacement of the carriers on the voltage ripple, only
one SM capacitor voltage of phase A is taken as an example,
and can be mathematically evaluated by
usm,p = Usm+
1
Csm
∫ [(
1
2 −
m
2 cos (ω1t) +
Ka,b cos (aωct+ bω1t+ bπ)
)(
icir +
1
2
is
)]
Ka,b =
∞∑
a=1
∞∑
b=−∞
2
aπ
sin
[
(a+ b)π
2
]
× Jb
(maπ
2
)
(3)
where usm,p and Usm are the instantaneous voltage and the
average voltage across the capacitor; Csm is the submodule
capacitance; icir is the circulating current.
Fig. 2(b) shows the simulated and the calculated capacitor
voltage ripple under unity power loading. The calculated
voltage ripple values agree well with the simulation results.
It means the omission of the harmonics in the current is
reasonable, and (3) can be used for further analysis in the
following. It can also be seen that integer carrier frequency
of the fundamental frequency can cause the divergence of
the capacitor voltage which should be avoided. Besides that,
the voltage ripple almost keeps constant when the carrier
frequency is higher than a specific threshold (e.g., 185 Hz
for a maximum of 10% voltage ripple).
C. Proposed Adaptive Carrier Frequency Control
Based on the above analysis, the carrier frequency boundary
for a specific output current THD and capacitor voltage ripple
requirement (e.g., THD of the output current is less than 5%,
and the voltage ripple is less than 10% of the average voltage)
can be obtained as shown in Fig. 3. The main MMC system
parameters listed in Table I as a case study. The dotted green
and blue lines refer to the carrier frequency-power loading
operating boundary of this MMC system in order to limit to
5% THD of the output current for two different carrier angular
displacements, respectively. For the fixed carrier frequency
control, the minimum carrier frequency is 440 Hz to fulfill all
the above requirements by setting the angular displacement
θ = π/8. Note that, in this case, the circulating current
harmonic performance becomes the worst. On the contrary,
the best harmonic performance of the circulating current can
be achieved when the angular displacement is θ = 0, and the
harmonic performance of the output current will be the worst.
In addition, in order to meet the capacitor voltage ripple
requirement and to avoid the main integer carrier frequencies
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Fig. 3. Carrier frequency selection strategy according to the power loading,
the output current THD, and the capacitor voltage ripple.
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Fig. 4. Simulation results of the system efficiency, the capacitor voltage ripple,
and the output current THD under different power loading conditions.
(e.g., 100 Hz, 150 Hz, 200 Hz, and 250 Hz), the carrier fre-
quency is chosen higher than 250 Hz. For an easy and practical
implementation, discrete carrier frequencies determined by
predefined power loading intervals (e.g., 10% power loading
change) are used in this paper. The final carrier frequency
implementation strategy is thus according to the orange line
shown in Fig. 3 to achieve the lowest possible switching
frequency of the MMC. Note that, in order to ensure the
harmonic performance of the circulating current, θ = 0 is
applied first for the power loading higher than 0.5 p.u., and
θ = π/8 is applied for the power loading lower than 0.5 p.u..
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Fig. 5. Mission profile translation to the power loss profile and the thermal
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Based on the MMC system listed in Table I, the operating
performances of the proposed adaptive frequency control and
fixed frequency control are compared under different power
loading conditions. It can be seen from Fig. 4(a) that the
system efficiency is improved by around 0.2% with the
proposed control method under most power loading ranges.
Meanwhile, the SM capacitor voltage ripple is still within 10%
limit, namely 500 V. In addition, the output current harmonic
performance deteriorates due to the decrease of the carrier
frequency. However, the THD keeps below 5% in most of the
power loading range (e.g., higher than 0.2 p.u.).
III. MISSION PROFILE TRANSLATION TO POWER LOSS
AND THERMAL STRESS PROFILES
In order to validate the proposed adaptive frequency control,
practical operating condition, namely a mission profile, is
taken into account to evaluate the performance difference
between the two different control strategies. As a case study,
a MMC applied in wind power generation is considered with
a power rating of 15 MVA considering five 3-MVA wind
turbines. A one-year wind speed profile with a resolution of
10 minutes/data is analyzed. A mission profile based multi-
disciplinary analysis method aiming for a long-term simulation
is utilized in [16]. Its evaluation process is depicted in Fig.
5. Instead of conducting the real-time simulation based on
one-year mission profile, several discrete operating conditions
(e.g., different power loadings and carrier frequencies) are
simulated based on the full-scale three-phase MMC, where the
power loss model and the thermal model of the devices are
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Fig. 6. Impact of the power loading on the system power loss and the mean
junction temperature.
obtained from the data-sheet [17]. Afterwards, the relationship
between the parameters of interest (e.g., the system power loss,
the mean junction temperature and the junction temperature
cycle amplitude of the power devices) and different operating
conditions (e.g., the power loading and the carrier frequency)
can be established by curve fitting and is depicted through
mathematical models.
Fig. 6 shows the impact of the power loading on the system
power loss with the carrier frequency being 325 Hz and 440
Hz and the mean junction temperature amplitude of the four
power devices in a half-bridge SM. Their relationship can be
well curve fitted by a second-order polynomial. Similarly, as
shown in Fig. 7, the impact of the carrier frequency can be
curve fitted by a one-order polynomial as{
F (Pload) = a1P
2
load + a2Pload + a3
F (fc) = a4fc + a5,
(4)
where F (x) refers to the junction temperature cycle amplitude
∆T , the mean junction temperature Tm, and the system power
loss Ploss; x refers to the power loading Pload and the carrier
frequency fc (Note that the power loading is normalized
ranging from 0 to 1); ai (i = 1...5) are constants obtained
from the curve fitting.
Since F (x) shows a proportional relationship with the
carrier frequency in the range of 250 - 650 Hz, which covers
the carrier frequency used in the proposed adaptive frequency
control, a mathematical model describing the relationship
between F (x), the power loading, and carrier frequency is
F (Pload, fc) =
F (Pload)@440Hz − F (Pload)@325Hz
440 − 325
× (fc − 325) + F (Pload)@325Hz
, (5)
where F (Pload)@325Hz and F (Pload)@440Hz are the curve-
fitted polynomial under the carrier frequency of 325 Hz and
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440 Hz, respectively.
By establishing this 3-D model, the mission profile can eas-
ily be translated into the power loss and thermal stress profiles.
The system power loss with different control approaches are
shown in Fig. 8(a) and 21% annual power loss reduction of
the IGBT power modules can be achieved as seen in Fig.
8(b) by applying the adaptive frequency control, which means
a 0.188% yearly energy efficiency increase. It can be seen
from Figs. 9(a) and 9(b) that the amplitude decrease of the
highest junction temperature cycle amplitude and the mean
junction temperature amplitude are about 2.3 ◦C and 12.4 ◦C,
respectively. The reduced thermal stress will contribute to an
improved reliability and a longer lifetime of the power devices.
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Fig. 9. Impact of the carrier frequency on the system power loss and the
mean junction temperature.
IV. RELIABILITY EVALUATION OF THE PROPOSED
ADAPTIVE FREQUENCY CONTROL
A. Reliability Evaluation
Temperature and temperature variation are one of the key
stressors induce degradation of the IGBT modules [18]. There-
fore, a thermal cycle counting algorithm needs to be applied
to obtain the thermal stress information. The most commonly
used method is Rainflow counting [19], [20]. Fig. 10 shows the
rainflow counting results of the most stressed power devices
in one SM with the two control methods. It can be seen that
both the cycle average and the cycle amplitude are reduced by
applying the adaptive frequency control.
In order to analyze the accumulated effect of the varying
stress conditions, Miner’s rule [21] is used by assuming that
the impact of different thermal stresses on the damage is
independent on the time it happens. Thus, the impact of
repetitive thermal stresses on the power semiconductors can
be evaluated by an empirical lifetime model developed from
accelerated testing [22] as
Nf = A(∆Tj)
α · exp
(
Ea
kbTjm
)
, (6)
where Nf is the number of cycles to failure under par-
ticular stress condition. A = 3.025 × 105, α = −5.039,
Ea = 9.891 × 10−20J, and kb is the Boltzmann constant;
∆Tj and Tjm are the junction temperature variation and the
mean junction temperature in unite of Kelvin.
As it can be expected, taking the most stressed power com-
ponent S2 for example, the reduced thermal stress resulting
from the adaptive frequency control will cause less damage
during the annual mission profile. As shown in Fig. 11, the
annually accumulated damage is reduced by 12% with the
adaptive frequency control. Accordingly, the MMC system
expects to have a longer lifetime than the case with the fixed
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Fig. 10. Rainflow counting results of the most stressed power device S2 with
the adaptive and the fixed frequency control during one year of operation.
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frequency control. It means less maintenance requirement and
reduced operation cost.
V. CONCLUSION
A mission-profile based adaptive carrier frequency control
is proposed to increase the energy efficiency and to improve
the reliability performance of the MMC. The impacts of the
carrier frequency on the output current THD and the capacitor
voltage ripple are evaluated to obtain its boundary regarding
different power loading conditions. A series of optimized
carrier frequencies are chosen according to the power loading
conditions. Simulation results have shown 0.19% annual effi-
ciency gain and reduced thermal stress of the IGBT modules.
The accumulated damage of the most stressed IGBT device
decreases by 12% compared with fixed frequency control.
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